Both SK3 and IK1 channels are activated by intracellular Ca 2ϩ binding to calmodulin, which is constitutively bound to the COOH-terminal domain of each subunit. They are highly sensitive to calcium activation with submicromolar K D values (ϳ0.5 M) (20, 50). However, there are also important distinctions between SK3 and IK1 channels. For example, the conductance of IK1 channels is ϳ4 times larger than that of SK3 channels. More importantly, recent studies in the endothelium have shown that IK1 and SK3 channels differ in their subcellular distribution (40, 49), trafficking (28), gene regulation (51), and Ca 2ϩ sources for activation. For example, IP 3 -dependent internal Ca 2ϩ release preferentially activates IK1 channels (27). Dependent upon their subcellular localization, TRPV4-induced SK3 or IK1-mediated EDH would differ. Both SK3 and TRPV4 channels associate with caveolin-1 (1, 39), suggesting the formation of caveolar SK3-TRPV4 Ca 2ϩ microdomains. Moreover, TRPV4-dependent activation of IK1 is also evident and may dominate in certain conditions (46, 51).
-activated potassium) channel activation. However, the contribution of SK3 and IK1 channels to EDH varies in different vascular beds and states (13, 33) . Recent evidence suggests one mechanism by which SK3 and IK1 channels induce vasodilation in systemic vessels and reduces blood pressure (7, 26, 48) is via Ca 2ϩ coupling to transient receptor potential vanilloid type 4 (TRPV4) (2, 31, 42, 45) . Ca 2ϩ influx or release from internal stores activates SK3/IK1 and induces membrane hyperpolarization that creates a positive driving force for more Ca 2ϩ influx via TRPV4. Thus, TRPV4 and SK3/IK1 form a positive feedback loop. Endothelial membrane hyperpolarization spreads into the smooth muscle causing vasorelaxation; this is the EDH pathway.
Both SK3 and IK1 channels are activated by intracellular Ca 2ϩ binding to calmodulin, which is constitutively bound to the COOH-terminal domain of each subunit. They are highly sensitive to calcium activation with submicromolar K D values (ϳ0.5 M) (20, 50) . However, there are also important distinctions between SK3 and IK1 channels. For example, the conductance of IK1 channels is ϳ4 times larger than that of SK3 channels. More importantly, recent studies in the endothelium have shown that IK1 and SK3 channels differ in their subcellular distribution (40, 49) , trafficking (28) , gene regulation (51) , and Ca 2ϩ sources for activation. For example, IP 3 -dependent internal Ca 2ϩ release preferentially activates IK1 channels (27) . Dependent upon their subcellular localization, TRPV4-induced SK3 or IK1-mediated EDH would differ. Both SK3 and TRPV4 channels associate with caveolin-1 (1, 39) , suggesting the formation of caveolar SK3-TRPV4 Ca 2ϩ microdomains. Moreover, TRPV4-dependent activation of IK1 is also evident and may dominate in certain conditions (46, 51) .
Our previous studies using global IK1 knockout models, with or without SK3 knockdown, have shown that their activity modulates vascular tone. Notably, reducing global expression of these channels leads to hypertension (7, 48 ). An assumption was that hypertension was a result of reduced EDH signaling due to the lack of SK3/IK1 channels. Because SK3 channels are also expressed in other cell types and organs, such as liver, kidney, and brain (3, 5, 6, 21, 38) , in this study, we tested the hypothesis that selectively removing SK3 channels from vascular endothelium alone results in elevated blood pressure. We generated a novel endothelium-specific SK3 knockout (SK3
Ϫ/Ϫ
) mouse by crossing a floxed SK3 mouse with a mouse that expresses endothelial Cre recombinase driven by the Tie2 promoter (23, 37) . Studies using mesenteric arteries obtained from these SK3
Ϫ/Ϫ mice showed 1) a lack of SK3 channels in endothelial cells, 2) an absence of SK3-mediated vasorelaxation, 3) redistribution of TRPV4 channels, 4) modulation of Ca 2ϩ signals, and 5) elevated blood pressure. Thus, the present study uncovers a distinct involvement of endothelial SK3 channels in Ca 2ϩ signaling, vascular tone, and blood pressure regulation.
METHODS

Animals and tissue.
All animal experimental procedures were approved by the University of South Alabama Institutional Animal Care and Use Committee and were conducted according to the "Guide for the Care and Use of Laboratory Animals." Two groups of adult mice (8 -16 wk of age) with C57BL/6J background were used in the present study: wild-type (WT; Charles River Laboratories, Willimantic, CT) and endothelium-specific knockout of SK3 channel (SK3 Ϫ/Ϫ ) mice. Using a strategy similar to the generation of global SK3 knockout mice (12), we generated these endothelium-specific SK3 Ϫ/Ϫ mice using the floxed SK3 mice crossed to an endothelium-specific Cre-expressing mouse (Jackson Laboratories, Bar Harbor, ME) (23) . Transgenic pups were genotyped for Cre and floxed SK3 (SK3 f/f ) expressions.
Mice were euthanized with isoflurane overdose and collected tissues were placed in ice-cold HEPES buffer solution containing (in mM): 134 NaCl, 6 KCl, 1.2 MgCl 2, 2.5 CaCl2, 10 glucose, and 10 HEPES (pH 7.4). Mesenteric arteries were carefully dissected from surrounding tissues in ice-cold HEPES solution with low MgCl2 and CaCl2 (0.2 and 0.1 mM, respectively). Depending on the protocol, vessels were homogenized, digested enzymatically to obtain dispersed endothelial cells, pinned en face on a piece of silicone gel (Sylgard 184, Dow Corning, Midland, MI), or mounted in a wire myograph.
Western blot analysis. Mouse mesenteric arteries (first-to fourthorder branches) were isolated and homogenized in ice-cold lysis buffer (in mM: 50 Tris-base, 150 NaCl, 1 EDTA, 1% NP-40, 0.5% sodium deoxycholate; and 1ϫ protease inhibitor). Samples from organ lysates were prepared similarly. Cerebral vessels were pooled from six mice to obtain sufficient protein. Lysates were sonicated for 30 s on ice and then centrifuged at 13,000 rpm for 10 min. Supernatant was collected and analyzed for the protein concentration using Coomassie Plus protein assay reagent (Thermo Scientific, Pittsburgh, PA). Sample buffer containing 5% ␤-mercaptoethanol was boiled for 5 min to denature proteins before loading. For each sample, 40 g of protein were separated with 10% SDS-polyacrylamide gel. The resolved proteins were electrophoretically transferred to a nitrocellulose membrane using Bio-Rad Mini Trans-Blot cell at 110 V for 60 min at 4°C. Membranes were blocked with 5% nonfat milk dissolved in PBS containing 0.5% vol/vol Tween-20 for 60 min at room temperature. Membranes were immunoblotted with primary antibodies against SK3 (APC-025, lot no. AN0802; Alomone, Jerusalem, Israel), TRPV4 (ACC-034, lot no. ACC034AN1550, Alomone), Cre-recombinase (MAB3120, lot no. 2387475; Millipore, Temecula, CA), IK1 (ALM-051, lot no.AN03100), and caveolin-1 (BD610407, lot no. 41652; BD Biosciences, San Jose, CA). A horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or fluorescence labeled (Dylight) secondary antibodies from Thermo Scientific (Pittsburgh, PA) were used. Blots were developed using a Kodak automated film processing system and imaged using a digital imager (GE Healthcare Bio-Sciences, Pittsburgh, PA), or visualized using an Odyssey infrared imaging system (LI-COR Biosciences), according to manufacturer's instructions.
Real-time quantitative PCR. Total RNA was extracted from WT and SK3
Ϫ/Ϫ mouse mesenteric arteries (first-to fourth-order branches) using TRIzol as per the manufacturer's instructions. The quality of the purified RNA was controlled by measurement of the A260/A280 nm ratio. Only RNA samples exhibiting an A260/A280 ratio Ͼ1.70 were used in further experiments. The concentration was quantified using NanoDrop Spectrophotometer (Thermo Scientific). cDNA was synthesized from 100 ng of total RNA using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-time qPCR was performed in an iCycler thermal cycler system (Bio-Rad) using SYBR Green qPCR Master Mix kit (Thermo Scientific). Amplification temperatures and calibration curves (Cx vs. logarithm of the starting concentration) were predetermined for each primer sets from a dilution series of lysates. Primer sequences, programmed annealing temperature, and size of PCR products are listed in Table 1 . Three independent reactions were performed for each set, prepared from four mice of each genotype. The thermal cycling conditions included an initial heat denaturing step at 95°C for 9 min, followed by denaturation at 95°C for 15 s, annealing at optimal programmed temperature of primers (as shown in Table 1) for 30 s and polymerization at 72°C for 30 s for 40 cycles. Following amplification, the melting curves of PCR products were determined from 55 to 95°C to determine the specificity of amplification. The expression levels were normalized to expression of GAPDH as an endogenous control by using 2 ⌬⌬CT comparative method:
where X is the gene of interest, SK denotes SK Ϫ/Ϫ mice, WT, denotes wild-type mice, C T is the cycle count, and Ref denotes GAPDH.
Confocal Ca 2ϩ imaging and analysis. First-and second-order mesenteric arteries were cut into 2-mm sections and opened longitudinally; en face fillets were pinned on a silicone block with the endothelium facing up. Blocks were submerged in HEPES solution containing membrane-permeable Ca 2ϩ -sensitive fluorescent dye Fluo-4 AM (10 M) for 30 min at room temperature. Tissue blocks were kept in the dark during incubation. After a 5-min wash, blocks (intima facing down) were placed on two parallel pins in a custom glass-bottom chamber containing HEPES solution. Recordings of transient changes in fluorescence intensity were captured at 20ϫ using an inverted microscope fitted with a PerkinElmer spinning disk RS-3 confocal unit. Fluo-4 was excited at 488 nm, and fluorescent images were collected at 510 nm. Using a lower-magnification objective enabled us to perform population study of Ca 2ϩ signals in a layer of 100 -150 endothelial cells (18) . The basal activity of intracellular Ϫ/Ϫ and wild-type (WT) mesenteric arteries using ⌬⌬CT comparative method. n ϭ 4 mice from each genotype.
Ca
2ϩ was captured for 200 s, and histograms were generated from these recordings (n ϭ 14 WT, n ϭ 9 SK3 Ϫ/Ϫ ). Additional 300-s recordings were used to compare Ca 2ϩ activity in the absence and presence of TRPV4 agonist. GSK was added at 120 s, and the difference in Ca 2ϩ signal prior and after GSK was quantified. Ca 2ϩ events were pooled to generate histogram plots to study GSK response (n ϭ 6 each WT and SK3 Ϫ/Ϫ vessels). Data were acquired at eight frames per second at 25°C using PerkinElmer Ultraview software. Analysis of changes in Ca 2ϩ fluorescence intensities was performed offline using custom automated region of interest (ROI) algorithm ImageJ plugin software (LC_Pro, http://rsb.info.nih.gov/ij/plugins/lcpro/index.html) to detect and track Ca 2ϩ events (17, 18) . Individual Ca 2ϩ traces were further analyzed using IgorPro. Fluorescence signal (F) from each ROI (6.3-m diameter) is subtracted from its background signal (F 0) and normalized to obtain ⌬F/F0. Seven WT mice and five SK3 Ϫ/Ϫ mice were used in these Ca 2ϩ studies. Immunostaining. Mesenteric arteries (first-and second-order branches) were prepared and pinned on silicone blocks, as described above. Vessels were fixed in 4% paraformaldehyde for 5 min at room temperature. Following fixation, vessels were washed with PBS for 40 min (4 ϫ 10 min washes). Sections were blocked in PBS containing 5% goat serum, 5% BSA and 0.1% Triton X-100 for 1 h at room temperature. Sections were then incubated overnight at 4°C with antibodies directed against caveolin-1, SK3, and TRPV4 (1:300 in PBS containing 1% BSA and 0.02% Triton X-100). The same primary antibodies were used as in Western blot studies. Finally, sections were washed with PBS and incubated with secondary antibody (Dylight 550-conjugated goat anti-rabbit IgG and Dylight 633-conjugated goat anti-mouse IgG; Thermo Scientific). Fluorescent images were acquired on a Nikon A-1 Spectral confocal microscope using a water immersion objective magnification of ϫ60 (NA: 1.2). Immunolabeled TRPV4 signals were expressed as 85-m line-scan intensity plots, drawn perpendicular to the length of vessel (using ImageJ). The signal distance intervals and counts were compared between WT and SK3 Ϫ/Ϫ tissues. For quantification of immunolabeling and internal elastic lamina (IEL) holes, images of combined z stacks were adjusted by contrast to clearly define the edges immunolabeling and holes via the ImageJ threshold and particle analyzer commands and converted into two-dimensional binary maps, as described previously (22) . Binary maps were compared, and the amount of signal colocalization was calculated as a percentage of immunolabeled signals overlapping with the IEL holes. Five WT and four SK3 Ϫ/Ϫ mice, with two mesenteric artery segment from each mouse, were used for this study. One to two samples were recorded from each segment, depending on the immunostaining quality.
Blood pressure measurement. A group of age-matched mice (12-16 wk) underwent surgical implantation of a PA-C10 radiotelemetry transmitter (Data Sciences International, St. Paul, MN). The implantation surgery was performed under general anesthesia using a mixture of ketamine and xylazine, followed a standard procedure and guideline provided by the manufacturer. Briefly, a 1-cm pressuresensitive catheter was inserted from the left carotid artery into the aortic arch and then secured with sutures. The wireless transmitter was placed subcutaneously in the abdominal region. Immediately postoperatively, animals were placed in a clean cage on top of a warming pad to recover and monitored until ambulatory. Mice received daily subcutaneous injections of Buprenex for 2 days after surgery and recovered for 4 days before measurements were initiated. Animals were free to roam in their individual cages, and blood pressures were recorded using Ponemah Physiology Platform (Data Sciences International) every 30 s, at a sampling frequency of 500 Hz, 24 h/day in a room with a 12:12-h light-dark cycle for 7 days.
Myography. Small second-and third-order mesenteric arteries (ϳ100 -200 m outer diameter) were used for myography studies. Previous studies have shown that the contribution of SK3 channel activity to vasodilation is enhanced in smaller arteries and arterioles (44) . On average, four vessel segments were used from each mouse.
Arteries mounted in a wire myograph (Danish Myo Technology, DMT, Aarhus, Denmark) were bathed in 37°C bicarbonate-based physiological salt solution (PSS; in mM): 119 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 2.5 CaCl2, 0.026 EDTA, 10.5 glucose, and 23 NaHCO 3, constantly bubbled with 95% O2-5% CO2. Vessels were equilibrated for 20 min and stretched to their optimal resting tension of ϳ2 mN, as determined in previous studies (48, 51) , followed by equilibration for another 10 min before the start of experiments. For cumulative concentration-response studies, arteries were bathed in different concentrations of phenylephrine (PE), followed by bath incubation in 60 mM KCl PSS (replacement of 60 mM NaCl with 60 mM KCl) containing (in mM): 59 NaCl, 64.7 KCl, 1.2 KH 2PO4, 1.2 MgSO 4, 2.5 CaCl2, 0.026 EDTA, 10.5 glucose, and 23 NaHCO3 at 37°C to obtain maximum tension. PE concentration-response curves were normalized to KCl-induced maximum force for each vessel. After bath washout for at least three times, vessels were precontracted with PE to ϳ80% (EC 80) of maximum tension and cumulative concentrations of ACh were bath applied to determine its concentration responses.
To study the contribution of SK3 channels to ACh-induced vasorelaxation, following the same equilibration periods as described, arteries were precontracted with 3 M PE (EC 80), relaxed with subsequent addition of 1 M ACh, followed by brief incubation in 60 mM KCl PSS. After at least three washes, vessels were preincubated in the presence of 1
to block nitric oxide production, and 10 M indomethacin to block prostacyclin production for 20 min. A small amount of PE was added empirically to the bath to induce ϳ50% precontraction, and then 1 M ACh was added. ACh-induced vasorelaxation were normalized to PE-induced constriction and compared in the absence and presence of inhibitors. Arteries that did not show ACh-induced endothelium-dependent vasorelaxation, hence, indicating damage to the endothelium, were discarded. Myography data were both acquired and analyzed using LabChart 7 (DMT).
Cell isolation and electrophysiology. To obtain dispersed endothelial cells (ECs), cleaned mesenteric arteries (first-and second-order branches) were placed in 37°C HEPES solution containing (in mM): 55 NaCl, 80 Na-glutamate, 5.9 KCl, 2 MgCl2, 0.1 CaCl2, 10 glucose, and 10 HEPES (pH 7.3), with 0.5 mg/ml protease, 0.5 mg/ml elastase for 50 min, followed by an additional 5 min in the same solution containing 0.5 mg/ml collagenase (51). The tissue was then washed several times with ice-cold Ca 2ϩ -free HEPES solution and triturated with a fire-polished pasture pipette. Isolated ECs were kept in the ice-cold solution; recordings were completed within 6 h.
Whole cell voltage-clamp recordings were performed on isolated ECs using an Axopatch 200B amplifier, Digidata 1322A, and data were acquired using pClamp 8 software (all from Molecular Devices, Sunnyvale, CA). Cells were clamped at their resting membrane potential, and whole cell currents were evoked every 30 s with a voltage protocol consisting of three segments: a 20-ms hyperpolarizing step for membrane capacitance measurement and a 200-ms voltage ramp from Ϫ80 to ϩ60 mV (30) . Currents were sampled at 2 kHz and filtered at 1 kHz. We obtained current density by normalizing currents to the membrane capacitance, which was calculated from a 5-mV hyperpolarizing step. External bath solution contained (in mM): 134 NaCl, 6 KCl, 1 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES (pH 7.3, 280 mosmol). For whole cell recordings, patch pipettes (ϳ4 M⍀) were filled with (in mM): 130 K ϩ gluconate, 4 KCl, 4 NaCl, 4 EDTA, 10 HEPES, 5.13 MgCl2, 1.01 CaCl2 1.01, 4 MgATP, 0.3 GTP, and phosphocreatine 10 (pH 7.2, 308 mosmol). The concentrations of free Mg 2ϩ (0.9 mM) and Ca 2ϩ (3 M) were calculated using Patcher's Power Tools (Department of Membrane Biophysics at MPI Biophysical Chemistry in Göttingen, Germany). For perforated patch recordings, patch pipettes solution contained amphotericin B (150 g/ml). Perforated patch recordings were performed to study direct TRPV4 activation of SK3 and/or IK channels using a similar voltage ramp protocol. Recordings were performed after obtaining a stable access resistance (ϳ14 min after gigaseal), monitored with a hyperpolarizing pulse (28, 29, 47) . GSK was used to activate TRPV4, followed by TRAM-34 and apamin to block IK and SK3 channels, respectively. Osmolarity for all solutions was verified with Osmette III osmometer (Precision systems, Natick MA). Series resistance and membrane capacitance were monitored to ensure recording quality and were not compensated. Patch-clamp results were obtained from endothelial cells isolated in this manner from four animals of each genotype.
Data and analysis. Excel (Microsoft, Redmond, WA) was used for general data computation. Myography data were analyzed using LabChart (DMT). IgorPro (WaveMetrics, Lake Oswego, OR) were used to analyze electrophysiological data and to plot figures shown in this study, unless noted otherwise. A selective TRPV4 antagonist, HC067047 (50 nM), was used as negative control for GSK. Averaged and normalized data are expressed as means Ϯ SE. Paired two-sample t-tests were used to determine significance of data from the same vessel or cell; t-tests, ANOVA, or Wilcoxon Rank tests were used to determine significance among different groups of data. P Ͻ 0.05 was considered significant.
RESULTS
Deletion of vascular endothelial SK3 channels.
To selectively delete SK3 channels from vascular endothelium, we crossed floxed homozygous SK3 (SK3 f/f ) mice with those expressing an endothelium-specific Tie2-driven Cre recombinase (12, 23) . Endothelial SK3 gene expression is deleted (SK3 Ϫ/Ϫ ) in progeny expressing both the floxed allele and endothelial Cre recombinase. Successful ablation of endothelial SK3 expression was confirmed by real-time quantitative PCR performed using mesenteric arteries isolated from SK3 Ϫ/Ϫ and WT mice. As expected, results showed negatively correlated Cre and SK3 mRNA levels (SK3 Ϫ/Ϫ /WT ⌬⌬C T for Cre ϭ 18.5 Ϯ 1.4, and for SK3 ϭ 0.10 Ϯ 0.03; n ϭ 4 mice per genotype; Table 1 ). Western blot analysis further confirmed that in SK3 Ϫ/Ϫ mice, isolated arteries lacked SK3 proteins (Fig. 1, A and B) . In contrast, SK3 expression was not different in whole organ lysates obtained from brains, lungs, and kidneys of SK3 Ϫ/Ϫ and WT mice, supporting endothelium-specific deletion of SK3 channels. These results are consistent with previous studies that showed SK3 channels are only expressed in the ECs but not smooth muscle cells (40, 48) . We next determined whether the expressions of caveolin-1, TRPV4, and IK1 change in SK3 Ϫ/Ϫ mesenteric artery. Results showed unchanged mRNA and protein levels of TRPV4, IK1, and caveolin-1 ( Table 1, Fig. 1 , C and D; P Ͼ 0.05); however, SK3 protein expression was largely absent in SK3 Ϫ/Ϫ (SK3 Ϫ/Ϫ / WT: 0.23 Ϯ 0.07; n ϭ 5 mice each; P Ͻ 0.05; Fig. 1D ). Linear regression plots of normalized protein levels showed negative correlation between SK3 and Cre in mesenteric artery but not in brain lysate, indicating SK3 expression was abolished in a tissue-specific manner in SK3 Ϫ/Ϫ (Fig. 1E) .
Loss of SK3 contribution to mesenteric vasorelaxation in SK3
Ϫ/Ϫ . Functional studies using global transgenic SK3 knockdown or overexpressing mice, or using pharmacological blockade of SK3 channels with the specific blocker apamin, have shown that SK3 channel activity contributes to AChinduced vasorelaxation (4, 11, 45, 51 , and presence of inhibitors and TRAM-34 (middle), and apamin (right). Bath application of PE (phenylephrine, 3 M) induced vasoconstriction and ACh-induced vasorelaxation, were followed by high KCl (60 mM NaCl:KCl replacement) bath solution replacement that induced vasoconstriction (left). After bath washout, the vessels were preincubated in L-NAME, and then indomethacin (inhibitors) and TRAM-34 for 20 min, followed by PE to induce 50% maximum contraction. 1 M ACh induced vasorelaxation (middle). Force measurements were further recorded in the presence of inhibitors TRAM-34 and apamin (right). Horizontal bars, 2 min; vertical bars, 0.5 mN. C: normalized concentration-responses of mesenteric arteries to PE-induced vasorelaxation and ACh-induced vasoconstriction. n ϭ 6 vessels from each genotype mice. *P Ͻ 0.05; t-test. D: summary of the normalized basal ACh-induced relaxation in baseline conditions, in the presence of inhibitors and TRAM-34 with or without apamin, for WT and SK3
Ϫ/Ϫ vessels. Statistical significance comparing within each genotype (*P Ͻ 0.05, paired t-test; ns, not significant). Data are expressed as means Ϯ SE. Baseline: n ϭ 13; TRAM-34: n ϭ 5 vessels from each genotype. antagonist), ACh-induced vasorelaxation was reduced in WT (53%), and absent in SK3 Ϫ/Ϫ vessels (Fig. 2, A and B, middle) . Notably, ACh-mediated vasorelaxation was abolished in both vessels in the presence of additional 300 nM apamin (Fig. 2, A  and B, right) . Summary results demonstrated that SK3/IK channels contribute to EDH responses and that the SK3 component is lost in SK3 Ϫ/Ϫ mice (Fig. 2D) .
Loss of SK3 currents in SK3
Ϫ/Ϫ ECs. We next examined SK3 channel activity in ECs isolated from mesenteric arteries using patch-clamp techniques. Conventional whole cell recordings were performed on acutely dispersed ECs (51) in the presence of 3 M free internal Ca 2ϩ to activate both SK3 and IK1 channels. Currents were elicited with a 200-ms voltage ramp and were normalized to the membrane capacitance as current density (Fig. 3) . Bath application of TRAM-34 (1 M) decreased current density by 50.8%, and subsequent addition of apamin (300 nM) further decreased it by 31.4%. Isolated IK1 and SK3 current densities obtained from digital subtraction were 53.9 and 16.4 pA/pF at ϩ60 mV, respectively (Fig.  3A) . Whole cell recordings on SK3
Ϫ/Ϫ ECs showed that TRAM-34 reduced the current density by 58.5%, and digitally isolated IK1 current density was 62.1 pA/pF at ϩ60 mV. Importantly, additional apamin did not further reduce the current, indicating the absence of SK3 channels in SK3
Ϫ/Ϫ cells (Fig. 3B) . We performed perforated-patch whole cell recordings to study whether TRPV4 activation provides a Ca 2ϩ source for SK3 and IK1 activation, and whether TRPV4-SK3 coupling is lost in SK3 Ϫ/Ϫ ECs. Without dialyzing Ca 2ϩ to disrupt the intracellular milieu, recordings using the perforated-patch configuration did not elicit large outward currents in basal conditions. Bath-applied 10 nM GSK (GSK1016790A, a selective agonist for TRPV4 channels), elicited whole cell currents that were sensitive to IK and SK3 antagonists (Fig. 3, C and D) . TRAM-34 reduced the current density by 35.9% and 57.2%, and subsequent apamin further reduced it by 32.1% and 5.0% in WT and SK3 Ϫ/Ϫ ECs, respectively. Current density summaries are shown in Fig. 3 , E and F for conventional and perforated-patch recordings. Notably, the current density of SK3 was absent in SK3 Ϫ/Ϫ ECs (whole cell: 2.3 Ϯ 2.7 pA/pF, n ϭ 7; perforated: 1.2 Ϯ 2.4 pA/pF, n ϭ 8 cells). Ϫ/Ϫ current densities recorded using a perforated patch. Baseline whole cell currents were elicited by a similar 200-ms voltage ramp in the absence (control) and presence of GSK (10 nM). GSK, TRAM-34, and apamin-sensitive current density were digitally isolated as TRPV4-activated IK1 and SK3 currents shown at the bottom panels, respectively. E and F: summary of SK3 and IK1 current densities using whole-cell (E) or perforated-patch (F) recordings from WT and SK3
Ϫ/Ϫ ECs. Asterisk (*) denotes statistical significance using t-tests (P Ͻ 0.05) between the two animal groups. Data are expressed as means Ϯ SE. Whole-cell: n ϭ 6; WT cells: n ϭ 7; SK3
Ϫ/Ϫ cells, perforated: n ϭ 7; WT cells, n ϭ 8: SK3 Ϫ/Ϫ cells.
Together, these results indicate TRPV4 Ca 2ϩ influx activates SK3/IK channels and directly confirmed the lack of SK3 currents in SK3
Ϫ/Ϫ ECs.
Changes in endothelial TRPV4 distribution in SK3
Ϫ/Ϫ mesenteric arteries. Results from previous studies showing coimmunoprecipitation of endothelial caveolin-1 and SK3 (1), as well as caveolin-1 and TRPV4 (39) , suggest that SK3 and TRPV4 channels may associate with the scaffolding protein caveolin-1 and colocalize in caveolae. We performed immunostaining to visualize endothelial SK3 and TRPV4 distribution in WT and SK3 Ϫ/Ϫ mesenteric arteries. Figure 4 shows z stack labeling of SK3 (left) and TRPV4 (right) in WT ( 
and SK3
Ϫ/Ϫ vessels (Fig. 4B) . Green autofluorescence of IEL that separates endothelial and smooth muscle layers showed holes (arrowheads) in the IEL that may correspond to myoendothelial projection sites (Fig. 4, A and B, top) . SK3 and TRPV4 channels were independently detected using their respective rabbit primary antibodies, followed by red fluorescence-tagged secondary antibody (Fig. 4, A and B, middle) . Combined green/red fluorescence is shown in Fig. 4, A and B,  bottom. A cross section through the tissue is indicated by the dotted line; the orthogonal view is shown below, with arrowheads highlighting IEL holes. Unfortunately, some indicated holes are not apparent in two dimensions due to convolution of the holes, fenestration, and/or thickness of sections. Our results showed that SK3 and TRPV4 expression was limited to ECs (above the IEL), being absent from smooth muscle cells (below the IEL). Labeling of SK3 showed homogeneous distribution with the channels expressed on both basolateral and apical membranes. TRPV4 expression was more apparent at EC-EC borders and mostly on the basolateral membrane in WT (Fig.  4A ). As expected, SK3 labeling was absent in SK3
Ϫ/Ϫ mesenteric arteries (Fig. 4B, left) . Importantly, TRPV4 labeling in SK3
Ϫ/Ϫ showed a distinct pattern different from that observed in WT. Instead of outlining EC-EC borders, TRPV4 channels showed punctate, as well as diffuse, labeling in SK3 Ϫ/Ϫ ECs (Fig. 4B, right) . TRPV4 expression patterns were further quantified using line-scan of fluorescent signals. Normalized signals with fluorescent intensity above an arbitrary 50% threshold were counted as positive signals (Fig. 4, C and D) . Both distance between TRPV4 signals ( Ϫ/Ϫ vessels; P Ͻ 0.05, t-test). These results suggest that the distribution of TRPV4 channels is influenced by SK3 channel expression. We further examined whether TRPV4 distribution corresponds to IEL holes, but fluorescence binary threshold and proximity analysis failed to show positive correlation (see METHODS). SK3 channels contribute to endothelial Ca 2ϩ signal. In WT endothelium Ca 2ϩ sparklets, via activation of a cluster of TRPV4 channels, are sufficient to activate IK1 and SK3 channels (45, 46) . Our results suggest that the subcellular distribution of TRPV4, and thus the Ca 2ϩ signaling microdomains orchestrated by them, may be dependent upon SK3 expression. Therefore, we next examined endothelial Ca 2ϩ signals in basal conditions and in the presence of GSK (30 nM). Figure 5A shows a representative maximum Ca 2ϩ intensity projection over 200 s obtained from a WT vessel (35 signals were absent in SK3 Ϫ/Ϫ endothelium. Table 2 shows the quantification of Ca 2ϩ events in basal conditions. SK3 Ϫ/Ϫ ECs showed a twofold increase in both number of Ca 2ϩ sites and events from a field containing similar number of ECs (WT: n ϭ 14, SK3 Ϫ/Ϫ : n ϭ 9 vessels; P Ͻ 0.05). Of note, while large-amplitude Ca 2ϩ events were present in WT vessels, these events were infrequent compared with small-amplitude events. event amplitude was consistently larger in WT vs. SK3 Ϫ/Ϫ . This point is further expanded in Fig. 6 .
Next, we studied whether TRPV4 activation affects endothelial Ca 2ϩ dynamics. 30 nM GSK increased the number of Ca 2ϩ sites by 138 Ϯ 14% in WT and 169 Ϯ 12% in SK3
Ϫ/Ϫ endothelium ( Table 2 ). The WT Ca 2ϩ signals from ROIs that generated large or small amplitude were plotted in Fig. 5, D and E, respectively. Bath-applied GSK further increased the amplitude and duration of the large Ca 2ϩ events ( Ϫ/Ϫ ECs, GSK did not change the shape of the small Ca 2ϩ events ( Fig. 5F ; amplitude from 1.33 Ϯ 0.06, n ϭ 6 events to 1.27 Ϯ 0.03, n ϭ 11 events; half-time from 2.6 Ϯ 0.7 to 2.4 Ϯ 0.5 s; P Ͼ 0.05). Thus, the large-amplitude Ca 2ϩ events, present only in WT ECs, are sensitive to TRPV4 activation.
A linear histogram plot summarizing Ca 2ϩ amplitude distribution in basal conditions (Fig. 6A, top) , and the same plot in log-scale reveal an additional larger peak amplitude in WT, but not in SK3 Ϫ/Ϫ ECs (Fig. 6A, bottom) . These events were quantified from pooled 200-s recordings of basal Ca 2ϩ activities (WT: n ϭ 14; SK3 Ϫ/Ϫ : n ϭ 9 recordings). Together, these plots show that Ca 2ϩ events with small amplitudes occurred much more frequently, by several orders of magnitude. GSKinduced changes in Ca 2ϩ amplitude were summarized with relative frequency distribution plots for WT and SK3
Ϫ/Ϫ vessels (Fig. 6 , B and C, respectively; n ϭ 6 recordings each). Distribution plots on linear scale (Fig. 6, B and C, top) hinted subtle difference in GSK; the same plots on log-scale showed that in basal conditions large-amplitude Ca 2ϩ events existed only in WT but not in SK3 Ϫ/Ϫ (solid lines, Fig. 6 , B and C, Ϫ/Ϫ : n ϭ 9. *P Ͻ 0.05 comparing WT and SK3 Ϫ/Ϫ using t-tests. A summary of each of these Ca 2ϩ parameters in the presence of GSK is normalized to that prior to the application of GSK. n ϭ 6 each. AUC, area under curve. bottom, respectively). GSK activation up-shifted the frequency distribution in WT but not in SK3 Ϫ/Ϫ (dotted lines in Fig. 6 , B and C). Digital subtractions of the frequency distribution traces before and after GSK also revealed a shift in the peak Ca 2ϩ amplitude ( Fig. 6D; To determine whether the absence of endothelial SK3 channels is sufficient to increase blood pressure, we performed telemetric blood pressure recordings. Figure 7 shows diastolic (WT ϭ 91 Ϯ 2 mmHg; SK3 Ϫ/Ϫ ϭ 107 Ϯ 4 mmHg; P Ͻ 0.05), systolic (WT ϭ 110 Ϯ 3 mmHg; SK3
Ϫ/Ϫ ϭ 124 Ϯ 4 mmHg; P Ͻ 0.05), and mean (WT ϭ 99 Ϯ 2 mmHg; SK3 Ϫ/Ϫ ϭ 114 Ϯ 4 mmHg; P Ͻ 0.05) arterial blood pressure for both WT and SK3 Ϫ/Ϫ mice, indicating SK3 Ϫ/Ϫ mice were hypertensive (n ϭ 4 male mice each). Changes in blood pressure of WT mice during light and dark cycles were insignificant. Interestingly, the blood pressure of SK3 Ϫ/Ϫ mice significantly increased during dark cycles when nocturnal mice are most active (Fig. 7D ).
DISCUSSION
In this study, we used a novel endothelium-specific SK3 knockout mouse model to test the hypothesis that endothelial SK3 channel activity contributes to blood pressure regulation. We confirmed the absence of vascular endothelial SK3: 1) mRNA and protein, 2) channel activity, and 3) functional contribution to EDH. Further examination showed 4) disrupted TRPV4 distribution, 5) lack of large-amplitude, low-frequency Ca 2ϩ events, and 6) systemic hypertension in the SK3 signaling, vascular tone, and blood pressure. Endothelium-derived hyperpolarization is an important mechanism in vasorelaxation of small arteries and arterioles, playing a critical role in regulating blood flow (19) . This is especially pertinent during physical activity as activation of endothelial SK3 in skeletal muscles contributes to exercise hyperemia (34) . However, the proportional contribution of SK3 vs. IK1 channels to EDH appears to vary, depending on animal species, particular vascular bed, and vessel size (9, 33, 44) . In mouse mesenteric arteries, blockade of SK3 or IK1 channels alone does not abolish EDH, but concomitant inhibition of these channels abolishes EDH (15), suggesting both are necessary, and neither one is sufficient (Fig. 2) . This could be attributable to differential subcellular channel distribution and localized Ca 2ϩ sources, such as TRPV4-mediated Ca 2ϩ . In addition, mesenteric ECs express several other TRP channels, including TRPC1 (canonical), C3, C6, V1, and several M (melastatin) channels (14, 25) . TRPA1 (36), C1 (41), C3 (24, 43) , and V4 (45) channels have been shown to interact with SK3/IK1 in various vascular beds. In mesenteric artery, previous studies have further shown that IK1 channels may be concentrated at the IEL holes, where endothelial projections protrude and contact smooth muscle cells (40) . At that site, IK channels are preferentially activated by Ca 2ϩ emerging from clusters of IP 3 -sensitive Ca 2ϩ stores in the endoplasmic reticulum situated at the base of the projections (49) . In addition, Ca 2ϩ influx through TRPV4 channels in or around the base of endothelial projections also provide Ca 2ϩ ions for IK1 channel activation (46) . In contrast, SK3 channels associate with caveolin-1 (1) and distribute more evenly across the plasma membrane (40) Ϫ/Ϫ to WT using t-tests. D: averaged mouse diastolic, mean, and systolic blood pressure measured in daytime (empty bars) and in night time (black bars). *P Ͻ 0.05 comparing day to night blood pressure measurement of same animal using paired t-tests. Data are expressed as means Ϯ SE; n ϭ 4 mice from each genotype. of SK3 strongly suggests a molecular interaction between SK3 and caveolin-1 (1, 28) . Previous studies have also shown association of TRPV4 and caveolin-1 (8, 32, 39) , and activation of SK3 by TRPV4-mediated Ca 2ϩ influx (30, 45) , suggesting caveolar SK3-TRPV4 microdomains. The present results showed that both SK3 and TRPV4 are expressed at EC-EC borders. Notably, ablation of SK3 channel expression disrupted TRPV4 distribution (Fig. 4) ; however, whether SK3 and TRPV4 colocalize in caveolae is currently not clear.
We , suggesting that SK3 channels are required for their development (Figs. 5 and 6 ). These results are consistent with previous studies using IK1 knockout mice, which showed that IK1 channels promote more Ca 2ϩ sites and events, while SK3 channels tend to increase event size (35) . Similarly, in our hands, TRPV4 activation increased the Ca 2ϩ amplitude and duration in WT mice, but only increased low-amplitude Ca 2ϩ event frequency in SK3 Ϫ/Ϫ . Thus, the elevated Ca 2ϩ activity in response to TRPV4 activation is most likely modulated by Ca 2ϩ activated K ϩ channels. The underlying mechanism may involve a molecular interaction directly or indirectly between SK3 and TRPV4 proteins or via caveolin1, and is beyond the scope of this study. Furthermore, results obtained from whole cell recordings, in the presence of 3 M intracellular Ca 2ϩ to fully activate SK3 and IK channels, provide direct evidence that SK3 channels are absent in SK3 Ϫ/Ϫ ECs. Without dialyzing Ca 2ϩ to activate SK3 and IK channels, perforated-patch clamp studies not only support the notion that Ca 2ϩ influx via TRPV4 activates SK3 and IK channels, but also confirm the absence of SK3 in SK3 Ϫ/Ϫ ECs (Fig. 3, C and  D) . Taken together Ca 2ϩ and electrophysiological studies, our results demonstrate distinct EC Ca 2ϩ signals in the presence and absence of SK3 channels, suggesting that SK3 channels play a role in Ca 2ϩ microdomain and/or signaling. There are several potential limitations of our findings. First, the SK3-dependent large-amplitude Ca 2ϩ events are infrequent and may be undersampled because of the short time course studied, as shown on a log scale (Fig. 6A) . Ca 2ϩ event frequency distribution further highlights a shift in Ca 2ϩ event amplitude in WT, but not SK3 Ϫ/Ϫ ECs (Fig. 6, C and D) . Whether the difference between WT and SK3 Ϫ/Ϫ Ca 2ϩ signal is due to TRPV4 distribution and/or interaction with other TRP channels are not yet clear and outside the scope of this study. Definitive SK3-TRPV4-caveolin-1 localization and proximity analysis is a high priority in the future. Moreover, this study used only mesenteric arteries of various sizes because of technical limitations, e.g., we had to combine large vessels to get enough tissue mass for Western blot analysis. It will be interesting to compare these results with those obtained from other beds. Although it is unclear whether a total or specific loss of endothelial SK3 channels occurs in humans, endothelial SK3 upregulation by estrogen could have significant impact on vascular health in postmenopausal women (10, 51) .
The results obtained from blood pressure measurements show that endothelial SK3 channels contribute to blood pressure in vivo, consistent with previous studies that show reduced SK3 or IK1 expression results in hypertension. Furthermore, our results showed that during the 12-h dark cycle when mice are most active, the blood pressure increase was significant in SK3 Ϫ/Ϫ mice, but not in WT mice. This may reflect the loss of SK3-associated Ca 2ϩ signals and/or EDH vasorelaxation. Interestingly, the increased small and rapid Ca 2ϩ events and sites in SK3 Ϫ/Ϫ EC did not compensate for the loss of infrequent large and slow Ca 2ϩ or EDH, supporting the idea that Ca 2ϩ dynamics, patterns, and microdomains play distinct roles in endothelial function. The current study suggests differential SK3-and IK1-associated Ca 2ϩ signaling contributes to EDH pathways. Together, these results highlight the importance of these specific channels in shaping subcellular EC Ca 2ϩ dynamics and endothelial function.
